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ABSTRACT

Results of x-ray diffraction, transmission electron diffraction,

and crystallization studies on amorphous (M Rux)SOPZO alloys

°1-x
obtained by liquid quenching are presented and discussed. The
alloys are all found to be superconducting with transition tempera-
tures ranging from ~ 3°K to ~ 9°K. The variation of Tc with alloy
composifion is compared to that obtained by Collver and Hammond
for vapor quenched transition metal films. Results of magnetic
susceptibility measurements are used to estimate the variation of
the electronic density of states at the Fermi level, N(0), from the
Pauli paramagnetic contribution. The relationship between the
variation of TC ;nd N(0) is discussed in terms of the microscope
theory of superconductivity. Finally, results of measurements of
the upper critical field ch, and the normal state electronic trans-

port properties are presented and compared with recent theoretical

models for amorphous superconductors.




I. INTRODUCTION

Since the early work of Buckel and Hilschl’ 2, interest in the study
of amorphous superconducting metals and alloys has steadily increased.
A review of experimental and theoretical work in this area has been
published by Bergmann. 3 To date most experimental results have
concerned thin films obtained by vapor deposition on a cryogenic
substrate, as amorphous superconducting metals and alloys were until
recently not available in bulk form. The authors have reported super-
coﬁductivity in bulk amorphous a.l.loys obtained by the method of liquid
quenc:hi.ng.4 These amorphous alloys areA stable with respect to
crystallization at and well above room temperature. Owiflg to this .
stability and to the relatively large quantity of sample available, it is
possible to carry out measurements of bulk properties such as specific
heats, and magnetic susceptibility on these materials.

The transition metals and their alloys form a Aparticularlby interest-
ing class of superAconductin-g materials. Collver and Hammondé,' have
shown that it is possible to obtain transition metals in amorphous form
by vapor deposition on a substrate held at 4. 2°K. For transition
metals of a given series and alloys of neighboring metals in the series,
they observed that the superconducting transition temperature TC
follows a regular dependence on d-band occupation or average group
number (AGN). A broad maxifnum.in the TC vs. AGN curve with the
maximum occurring at an AGN corresponding to a roughly half-filled
d-band was found. This behavior is in marked contrast to the double-
peaked structure characteristic of crystalline alloys which is commonly

referred to as Matthias' rule. The microscopic origin of the variation

of TC in the amorphous state and its contrast to the crystalline case



7,8,9 Unfor-

has been the subject of several subsequent studies.
tunately, attempts to understand this problem have suffered from a
lack of detailed information regarding the variation of fundamental
microscopic parameters in the amorphous state. Experimental’dé.ta
regarding the electronic band structure and density of states ;at the_
Fermi level N(0) are not available. The variation of the Debye tem-
perature and phonon density of states have likewise not been studied.
Such information is essential to explaining the micréscopic origin of
the systematics of Tc'

In the present work, we report on the properties of se.veral new
amorphous transition metal alloys prepared in bulk form using the
liquid quenching technique. The alloys contain 80 at.% of a transition
metal and 20 at.% of a ''glass forming' constituent such as phosphorous
or boron. Together, they form an alloy series in which the d-band
occupation is varied systematically. The variation of Tc is found to
ciosely follow that observed by Collver and Hammond. Deviations
observed are attributed to the effects of electron transfer from the
transition metal constituent to the more electronegative glass forming
constituent. Magnetic susceptibility measurements carl"ied out over
the temperature range from 2°K to room temperature and for fields
ranging u;; to 80 KG are used to evaluate the Pauli paramagnetic
susceptibility. This data enables one to determine the variation of
N(0) with d-band occupation for the alloy series. The values of N(0)
are found to var‘y smoothly with d-band occupation and this variation
can be correlated with the variation in TC for the alloy series. The
microscopic theory of superconductivity is uséd together with the

present data to interpret the systematics of transition metal




superconductivity in the amorphous state. A tight-binding model for
electronic structure of the d-band originally proposed by Labbé,
Barasic, and Friedel10 and modified by Varma and Dyn:s:sll to include
non-orthogonality of the basic functions is compared with the experi-
mental data. |

Several other properties of this series of alloysl have been measured.
Structural data obtained both from electron diffraction and x-ray
diffraction are dis.cussed. High temperature resistivity data and
thermal scén.ning data are presented which together with the structural
data support the claim that the alloys are amorphous. The temperature
dependence of the upper critical field HcZ(T)’ and the field gradient
dHcZ(T)/dT have been measured for all alloys of the series. These
data are compared to theoretical predictions‘. Fiﬁally, the factors
which govern the f‘or4mation of the amorphous phase and its stability

are analyzed and related to the present results.
II. EXPERIMENTAL

The alloy preparation is accomplished in several steps using
99.9% and 99.99% pure starting materials. Metal powders are com-
bined and thorou.ghly mixed with phosphorous and boron powders
then pressed to form a compact. The compact is sealed in quartz and
slowly heated to ~ 1100°C over a period of several days. The reacted
compact is melted several times on a silver 'boét under an argon atmo-
sphere to form a homogeneous ingot. The ingot is subséquently broken
into small fragments which are used in the liquid quenching process.A

The quenching technique is described elsewhere. 12 The quenched



samples are in the form of foils having a typical thickness of ~ 60 pm
and an area of several c;mz.

All samples are checked by x-ray diffraction scanning with a
Norelco diffractométer using CuKqg radiation. A time lapse step.
scanning diffractometer was also used to obtain a more detailed x-ray
scan with improved statistics. Several foils were thinned by etching
and used for electron diffraction studies in a Siemens tran‘smission
electron microscope.

Electrical resistivity measurements wefe carried out at two stations
one of which can be used for temperaturesin the range from 4. 2°K to
300°K, and a second for temperatures in the range from 300°K to
1200°K. Thermal traces were obtaine'd by rapid heating in an evacuated
tube with a platinum-platinum rhodium thermocouple attached to the
sample foil.

Magnetic susceptibility measurements were carried out using the
Faraday method in a superconducting magnet system desivgn'ed by
Oxford Instruments. The fields used range up to 80KG and the sample
temperature can be controlled in the range from 2°K to 300°K.
Measurements of HcZ(T) were carried out in the same system using a
separate probe. The sample is located in an exchange gas container
and can be mounted in three mutually orthogonal directions. Below
IOOK, the temperature can bé measured with an absolute accuracy of
+ 50 mK and a relative accuracy of + 1 mK. The HCZ(T) data were
obtained by measuring resistance vs. temperature curves for a series
of constant applied fields. Critical current as a function of applied field
and temperature was also measured. Transition temperé.tures reported

are defined as the highest temperature for which the resistivity p = 0




Table I, Transition temperature, critical field gradient, and resistivity of amorphous superconducting

alloys prepared by liquid quenching.

Alloy Composition T (°K) dH_,/dT (KG/°K) Resistivity (0 cm)
(Mo, gRuy ,)goPsg 7.31 0,05 24.5 £ 0.5 300 + 50
Moy ¢Rug, Pg0Pa0 6.18 + 0,05 25.5 + 0.5 300 + 50
Moy 4Ry ()goP a0 4,68 £ 0.05 26.8 + 0.5 330 £ 50
(Mo, ,Ruy g)g P, 3.43 + 0.05 27.6 £ 0.5 320 + 50
Mog,P B, 19,001 0.05 17.6 + 0.5

(MoO.SReO'. JaoP10B 10 8.71 % 0,05 24.2 + 0.5

e
room temperature
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the maxima. These features are very similar to those observed hy

13,14

for Ni

Cargill and Cochrane and Co,,P,., amorphous

76¥ 24 78522
alloys, and by \/\/'a.gnerl5 for amorphous Fe80P13C.7 alloys. The
splitting of the second maximum in the present data was observed for
each of the above alloys. The widths of the first, second, and third
maxima are also comparable to those observed in the above mentioned
work. It should be noted that, according to the Scherrer formula, the .
‘width of the first maximum corresponds to an effective microcrystal
size of about 164. Although the radial distribution function (RDF) has
not yet 'beén calculated for the present alloys, it is probable that the
general features will resemble those obtained by Cargill and Cohrane,
and Wagner. Their data were found to be well described by theoretical
13, 14, 15

models for amorphous structure.

Electron diffraction studies of amorphous (Mo

1-x7 %) goF20 2iloys

also support the conclusion that they possess an amorphous structure.
The transmission electron diffraction pattern of an (MOO. 6Ru0.4)80P20
sample which was thinned by chemical etching is shown in Fig. 2(a).
Three diffuse halos are visible and a fourth can be seen on close
inspection. Electron diffraction patterns of other alloys of the

(Mo xRux)SOPZO series are similar. A few isolated regions of an

1-

(MOO.ZRuO.S)SOPZO specimen were found to give diffuse halos plus
spots indicating that microcrystallites had formed in the amorphous

" matrix during quenching. An example is shown in Fig. Z(b). This
composition must lie near the upper limit of Ru concentrations for
which it is possible to obtain an amorphous phase by liquid-quenching.

It was not possible to obtain amorphous samples of MOSOPZO which

indicates that a lower limit for Ru concentration also exists.
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Fig. 2(a)

of an amorphous (MOO.GRuO,4)80P20 sample. The foil was

thinned by chemical etching.




Fig. 2(b)

Transmission electron diffraction pattern of a region of a
(MOO. ZRuO. 8)80P20 specimen containing a microcrystallite
embedded in an amorphous matrix. Most regions of this

sample showed no evidence of crystallization.
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The crystallization of amorphous (Mo xRux)80P20 alloys was

1-
studied both by measurement of high-temperature resistivity and by
carrying out a thermal trace. The resistivity vs. temperature for

(Mo0 6R obtained using a heating rate of SOK/min. is

U, 4'80% 20
shown in Fig. 3(a). The data spans the range from 4.2°K to 1200°K
(the superconducting transition at ~ 6. 1°K is not shown). The
resistivity exhibits a negative temperature 'Coefficient 1/0 dp/dT over
the temperature range up to ~ 600°K. The resistivity is observed to
drop abruptly at about 980°K. This precipitous drop is taken to indicate
spontaneous crystallization of the alloy. Such a drop provides addi-
tional evidence of a well defined amorphous state. It should also be
noted that further heating to 1200°C results in a subsequent cooling

' curve‘having a positive coefficient of resistivity as expected for a
crystalline material,

The thermal trace was obtained by heating the sample at a rate of
~ 5°K/sec. The sample is sealed in an evacuated quartz tube and
plunged into a pre-heated furnace. The sample temperature as
monitored by an attached thermocouple is recorded as a function of
time. The results are shown in Fig. 3(b). A sharplrise in tempera-
ture is observed at 104QOK. The temperature rise AT is ~ 120°K.
This value can be used to obtain a lower bound (the measurement is
not strictly adiabatic) for the heat of crystalliza'tion of the amorphéus
phase. Since the temperature involved must be‘several times the
Debye temperature of the alloy, the Dulong-Petit value of 3R for the
heat capacity can be used. The heat of crystallization AH is then
given by 3RAT. This gives AH_, = 0.72 (Kcal/mole). The melting
point of (MOO.6RuO.4)'80p20 can be roughly estimated from the liquid

quenching procedure to be of order 1800°K and the heat of fusion
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Electrical resistivity of an amorphous (MOO. 6Ru0' 4)80P20
sample from low temperature up to 1200°C. The sample

was heated at a rate of 5°K/min.

Thermal trace of an amocrphous (MOO. 6Ru0. 4)80P20 'sample
obtained by rapidly heating the sample with attached thermo-
couple in an evacuated quartz tube. Crystallization is’accom-

panied by a sharp temperature rise AT indicated on the plot.
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AHF will thus be of the order of several (Kcal/mole). AHC represents
a significant fraction of AHF as would be expected if the alloy is
initially in the amorphous state. Thermal trace data were taken on other

alloys of the (Mo All alloys of the series show an abrupt

1-x3% )80 %20

temperature increase which occurs at a temperature between 1000°K

and 1080°K. The Mog P, B, and Mo, Re, P B alloys crystallize
at ~ l_lOOoC as measured by the thermal trace using the same heating
rgte.

The discrepancy between the crystallization temperature obtained
from resistivity vs. temperature and that obtained from the thermal
trace data can be attributed to the difference in the heating rates used
in the two cases. The faster heating rate in the thermal trace allows
a much shorter time lapse per unit of temperature scanned and thus a

smaller time interval in which nucleation of the crystalline phase can

take place.

B. Superconductivity

The superconducting transition temperature Tc for each of the

alloys is listed in Table I. Tc. was found to be a systematic' function

of the average group number (AGN) of the transition metal component
where the AGN of Mo and Ru are 6 and 8 respectively. This dependence
is illustrated in Fig. 4. For comparison, the dependence of 'I‘C on
AGN observed by Collver and Hamt‘nond6 for Mo-Ru alloys prepared

by vapor quenching on a cryogenic substrate is shown. The general
features of the two curves are similar although some differences are
apparent. The peak in TC vs. AGN curve occurs at somewhat lower

AGN than that obtained by Collver and Hammond. The two curves join
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for AGN values near 8. Otto Meyer_16’ 17 has pointed out that ‘the, Tc
of transition metal films ion implanted with Group A elements at low
temperature approach those given by the Collver-Hammond curve for
sukficiently high dosages of implanted ions and provided that the electro-
negativity and Goldscbmiat radii of the implanted species fall in a
certain range. Meyer's work suggests that chemical factors play a
role in determining Tc' In the present work, the phosphorus (and
boron for some of the alldys) atoms probably interact chemically with
the transition metal species. The Pauling electronegativities of Mo,
Ru, and P are 1.8, 2.2, and 2.1 repsectively. Some electron transfer
from Mo to P is expected while little or no transfer is expected from
Ru to P. Transfer of an electron having a predominantely; s -like
character from Mo to P would result in a lowering of the Mo atomic
d level due to the increase of charge on the Mo site, A net relative
'increase in d-band occupation could result. Electron trahsfer
probably does n‘ot occur for Ru since the electronegativity dilfferel-'lce
between Ru and P is of opposite sign and small. Such considerations
rhay' underlie the apparent discrepancy in the Tc vs. AGN curve
(Fig. 4) with respect to that of Collver-Hammond. .A shift occurs for
~ the Mo-ricl'l alloys but not for Ru-rich alloys as expected.
The superconducting transition as measured by resistance vs.
temperature for amorphous (M00.6Ru0.4)80p20 is shown in Fig. 5
for the case of no applied magnetic field (H = 0) along with transition
in various non-zero fields. For H = 0, the width of the superconducting
transition ATC = 40 x 104—3 °K as measured by the»lO% and 90% points
on the resistance vs. temperature curve. This value of ATC is com-

parable to that observed in numerous other amorphous samples. 4, 18,19
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The rounding of the resistive transition above TC has been shown to be
due to superconducting fluctuations and is also discussed else'where.18’19
Broadening of the superconducting transition in the presence of an
applied field has also been discussed in the above references and is
probably attributable to the effect of surface superconductivity. The
resistive transitions f‘or other alloys studied are very similar to that
shown in Fig. 5.

The upper critical field HC2 and its temperature dependence can be
defined in terms of the curves in Fig. 5. Taking the temperature for
which the resistance is 3 of the normal state value for a given applied
field defines the temperature dependent upper critical field. One could
adopt other criteria such as R = 0 in defining the upper critical field.
Using the R = 0 criteria will give a slightly reduced field gradient
_(dHCZ/dT) but does not significantly alter the functional dependence
obtained for Hc2 on temperature. The HcZ(T) data for (MOO. 6Ru0.4)80P20
are shown in Fig. 6 along with those of all alloys studied. In all cases,'

H _ is well described by the formula

c2

HCZ(T) = ( 1 h T/Tc) HCZ(O) A (1)

where HCZ(O) is defined by linear extrapolation of the data to T = 0.

Within experimental error, no deviation from 1ihearity is observed for

the HCZ(T) curves over the range of fields and temperatures available.

For several of the alloys, this range covers over half of the total range

of reduced temperature t = T/Tc' Previous studies of amorphous
4,20,21,22

transition metal alloys have also given a linear HCZ(T) dependence.

Deviations from linearity have been observed for amorphous V and
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19, 23, but are not as large as those predicted by the Maki

Zrq5Rhys
theory24 even when spin-orbit coupling and paramagnetic limiting are
included.

Critical current density measurements in both zero and non-zero
applied magnetic field have also been carried out for most of the alloys.
For H = 0, typical vaiues of Jc rangé from 5 x 104 A/cm2 to
3 x 105_A/crn2 for high Tc and low TC alloys reépectively.- Weak
flux pinning forces are observed in some alloys. The flux pinning

profiles and other data relating to flux pinning will be discussed in a

separate publication. 2

C. Magnetic Measurements

Magnetization M as a function of applied field was measured for
each of the alloys. Data were taken for a series of fixed temperatures
by varying thé applied field H. The magnetization in both the normal
and superconducting state was studied. The data éaken for temperatures
above TC were used to determine the temperature and composition
dependence of the normal state magnetic susceptibility. A typical set
of data is shown in Fig. 7 for amorphous (MOO.éRuO.4)80PZO' The
TC of the alloy is 6. 15°K so that all of the data shown were taken in
the normal state. The sharp rise in magnetization for H < 10KG
arises from contamination of the sample during laboratory handling and
cutting by particles of Fe (or other magnetic materials). This con-
tx:i'l:;ution changes only slightly with tempe ratlure and is therefore not
due to magnetic impurity atoms dissolved in the matrix. A very small

temperature dependent term corresponding to such impurities is

present. The magnetization due to such




Fig. 7.
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contamination is well saturated at H = 20KG so that the change in
magnetization above 20KG is governed by the susceptibility X(T) ot:
the amorphous matrix. From 20KG to 80KG, the M vs. H curve is
linear and X(T) is well defined. For low temperatures (70K - ZOOK),
X(T) shows a temperature dependence. The data taken at 40°K and
80°K are nearly ident:lcal. A well defined temperature independent
contribution té X(T) can thus be defined by the high temperature data.
Similar results were obtained for other alloys of the (Mol_XRu.x)SOP20
series. A summary of the temperature independent part of X(T)
defined by data taken at 80°K (or higher when necessary to establish
temperature independence) and referred to as X is presented in Fig. 8(a).
In Fig. 8(b), the susceptibility has been converted to units of
(states/eV-atom) for later convenience by plotting the quantity

(x/Zp,BZ) where by is the Bohr magneton. It can be seen that X follows
a reguiar dependence on the AGN of the transition metal constituents.
The variation is similar to that observed for Tc': vs. AGN; this correla-
tion will be discussed at length in section IV. Previous measurerﬁents
on other amorphous transition-metal-phosphorus alloys with higher
AGN values give values of X which join smoothly with the present

data on a X vs. AGN plot as shown in the Figure. For example,

(Pd y alloys (AGN & 10) have values of X which are

1-x% 804y 20-
extremely small (~ 10"'7 emu/gG) and of either positive or negative
sign depending on.composition.26 The smooth decrease of X as a
function of increasing AGN (for AGN > 6) appears to be a generrf;\l
characteristic of amorphous transition metal-metalloid alloys. A
summary of the present data along with various data from other
work are given in Table II, Includedl are ciata for the density of

and Mo42Re

states for crystalline Mo, | Ru g 2lloys (having the

39 5



Fig. 8(a)

(b)

-23-

5 (3] 7 8 9 10 1
T T T 1 ] T 1 T
* MogoPioBio 1 z
8or é {Mo,_,Ru JasP>q ]
~ - \{\\§ : 4
Q S i (Pdl-xCUI)BOPZO
X 60} , -
gl b |
- \ -4
; \\
E 40| § : -
L N
= s 3 .
20 N o
~
| ~
(0-) ,\\ ’/ 1 i
(010 ] il R e R ——————————-\}\‘;'_7.—-.“’- -------
t } } + } } 4
Lo .
L ‘{\% o o Mo, Re., (o -phase) |
— Y .
g osl AN 8 MogRusq{o -phase) _
5 | a\T (o -phose dato from specific |
$ ?\\ heat meosurements)
L 06 \ -
» . .
k] B \ J
5 AN
3 04 % -
o \
3 i \
.N \ -1
<~ N
x 02 S -
\\
B ( b) SN 4
00 frmmmm m s e e e
I ! i 1 L ! N i
5 6 7 8 9 i0 T !
(Nb) (Mo~ (Tc) (Ru) (RR) (Pd) .

The temperature independent part X of the magnetic susceptibiility
X (T) (defined by high temperature magnetization daf.a) for the amor-
phous alloys of this study. Also shown are data for amorphous

(Pd alloys taken from a previous study (G. Tangonan-

1-xC%)80% 20

Ph.D. thesis - California Institute of Technology - 1976). The data

are plotted as a function of AGN for the transition metal constituents.

The density of states (X/Zu.BZ) obtained from the magnetic susceptibility
shown in part (a). The electron density of states at the Fermi level
N(0) for crystalline g-phase Mo-Re and Mo-Ru alloys as determined

from low temperature specific heat data is also shown for comparison

with the values of X/ZU'E% obtained for the amorphous alloys.



Table II. Magnetic susceptibility at high temperature, corresponding density of states N(0), Structure,
and AGN of alloys in the present study along with related data for other amorphous alloys and
crystalline Mo6 lRu39 and Mo42Re58.

Alloy Average Molecular Weight X :ngu) x 106 N(O)l (es:t_Vaf%tgom) Structure AGN

(Mo, gRuy 5)g Poo 83.8 0.72+ 0.05 0.93 £ 0.07 amorphous 6.4

(Mo, (Ruc g0 Py 84.6 0.52+ 0.05 0.68 £ 0.07 T 6.8

(M00.4RU‘0.6)80P20 85.4 0.40+ 0.05 0.53 + 0.07 " 7.2

(Mo, ,Ru, g)eoP20 86.2 0.28 + 0.05 0.37 + 0.07 Y 7.6

Mog P B, 80.9 0.70 + 0.05 0,88 % 0,07 " 6.0

(Pdy Cuy eoPa0 B4, 45 0.02 + 0,005 - " 0.2

Pdg P, 91.3 -0.02 + 0.005 --- " 10.0
MoélRu39 -———- L 0,87 o-phase o 6.8
M042Re58 - ———— 0,70 % (crystalline)

.r

ate
e

extrapolated from (Pd 1.

“taken from thesis by G, Tangonan (Calif,

L )g Py data.

Inst. of Tech, -1976).

* ’ . ’
from specific heat data (I", Heiniger, I, Bucher, ani J, Muller, Phys. Kondens.

Materie, 5, 243 (1960)).
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o - phase structure) as determined from low temperature specific
heat measurements.,

In order to understand the significance of the temperature independent
susceptibility X, it is necessary to examine the role of various contribu-
tions to it. The folloxiving procedures are generally used to intefpret
such data. X is ta‘ken as the sum of two main contributions
- (2)

X = Xcore + xcgnd.

where X% refers to core electrons and X refers to conduction
core cond. '

band electrons. Xcond naturally divides into contributions from the

sp (nearly free) and d (tightly bound) electrons.

cond. Xsp + Xd o (3) -

Contributions to Xg include the Pauli spin term x1: and the Landau

term XL
s
P L
X = xs +xs : (4)

while Xd contains the above two terms plus an orbital l:e‘rm2

P L O ~ 5
Xg =%Xqg tXg *Xg | (5)

The Pauli spin susceptibility of the s electrons in the simplest

approximation is given by

P 2
XS = ZIJB NS(O)
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where Ns (0) is the s-band density of states (per spin) at the Fermi level
and the Landau term for s-electrons is given by

xZ = - 173 m/m)x ()

with m the free electron mass and m the actual effective mass for

in equation (2) and the terms

s-electrons near E_,. The core term Xcore

F
defined by equation (6) and (7) all give contributions to X which are
between one and two orders of magnitude less than the observed values of

28

X- Thus, the dominant terms in X are X(I; and xg since

X% = - 13 (m/m ) x] ' (8)

b
and m >> m for d-electrons. Thus xﬁ' is neglected. In the simplest

approximation
P 2
Xg = Z”B Nd(O) (9)

while the orbital susceptibility X(? is difficult to calculate. X;) is prob-
ably less than though comparable with X(};- We shall for the pufpose of
simplicity assume that xg does not change with AGN and that xI; is the
dominant contribution to X. In this picture, the variation of X observed
in Fig. 8(b) then reflectis mainly the variation of Nd (0) (the density of
state per spin) which is roughly given by xc]?/ZuBz a~ X/Zué- It should be
mentioned that the above discussion also ignores many body effects.
The magnetization data taken for T < Tc show the characteristic-

M vs. H curves of a high K type II superconductor. For some



_27-

samples, irreversibility in the M vs., H curve 'is observed and can be
interpreted in terms of flux pinning. These data will be discussed in

a separate publication. 2
1V, DISCUSSION

A. Amorphous Phase Formation and Stability

The liquid quenching technique can be used to obtain amorphous .
alloys which fall into two more or less separate categories. 29 The
first, referred to as metal-metalloid alloys consists of a transition
metal (TM) alloyed with typically 20 at.% of a non-transition group A
element such as phosphorus, silicon, carbon, or boron. The group
A element is frequently termed a glass former. The second category
of alloys consists of a rare-earth, actinide, or early transition metal
(e.g. Zr, Ti etc.) alloyed with a late transition metal (e.g. Rh, Ni,
Pci etc). The common feature of both classes Aof alloys-is the existence
of a deep eutectic in the alloy phase diagram near the composition of
interest. Turnbull®? has noted that a deep eutectic can be intefpreted
in terms of a comparitively large negative heat of Eormatioﬁ of the
liquid alloy. Since the amorphous structure is closely related to that
of the liquid, alloys having compositions near a deep eu,teActic are
prone to amorphous phase formation.

The alloys of the present study represent an intermediate case
between the above two alloy claés-es. The melting temperature Tm
of Mo and Ru are 2610°C and 2280°C respectively. The phase
diagram of thé Mo-Ru system31 exhibits a eutectic at the composition

1\/[<358Ru42 with a eutectic temperature of 1945°C. The addition of
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phosphorus to form the ternary alloy (Moo-. 58Ru0. 42)80P20 gives a
deep eutectic in the ternary diagram. fhe liquidus temperature for the
ternary alloy is estimated to be ~ 1400-1600°C. The estimate is based
on observations made during the liquid quenching process. The Mo-Ru
eutectic is the limiting case of a TM-TM eutectic where the separation
of the AGN of the TM's is small. For larger separation of the AGN
(e.g. the Nb-Rh' and Zr-Rh syste.ms4) of the TM'S, the eutectic is more
pronounced. The addition of phosphorus to Mo-Ru alloys lowers the‘
liquidus temperature in a manner characteristic of the metal-metalloid
class of amorphous alloys. Use of this ternary alloy is essential for
obtaining an amorphous phase by liquid quenching. Attempts to prepare
amorphous MOSSRU‘42’ MOSOPZO’ and Ru8OP20 by ligquid qﬁenching were
unsuccessful.

Collver and Hammond6’ 32 have determined the crystallization
temperatures Tcr of vapor quenched transition metal films. They
observed crystallization well below room temperature for pure metal
films and most of the alloy films studied. Two notable exceptions to
this observation were Nb-Zr and Mo-Ru alloys which were found tbo
have rather high crystallization temperatures. The Mo-Ru alloys, for
example, had Tcr as high as 700°C. The crystallization temperature

of liquid-quenched amorphous (Mo xRux)SOPZO alloys was found to be

1-
of order T':r ~ 700°C-800°C, very near to that of the Mo-Ru films.
It is noteworthy that a number of alloys such as Nb58Rh42,

Nb Nix33 having an AGN (for the transition-metal

(Mol—xRux)SOPZO’ 1-x

components) of ~ 6.5 can be obtained in amorphous form by liquid quench-
ing. These alloys also yield stable amorphous phases when prepared in

thin film form. Based on this observation, it is conjectured that amorphous
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phase stability (and the existence of a eutectic) can Be associated with
certain preferred AGN values. Using the Collver Hammond results
and those on liquid quenched alloys, one can determine that alloys
having AGN values of ~ 4.5 and ~ 6.5 are prone to amorphous phase
formation. It is remarkable that these preferred AGN values coincide
with the Matthias preferred AGN values fo;‘ obtaining high Tc super-
conductors. McMillan34 has shown that enhanced superc qnductivity in
transition metals is typically accompanied by an overall éoftening of
the lattice againsf harmonic displé.cements. Gomersall and Gyprffy35
have discussed the stability of cry'stalline‘phases in terms of this
effect and have attempted to explaj.n Matthias rules. It is tempting to
attribute both lattice softening and the tendency toward amorphous
phase formation to a common origin. Both can be traced to the
response of the d-electrons to atomic distortion or rearrangement.
When the d-electron gas becomes highly polarizable as occurs wheﬁ
the electron-phonon coupling constant is largé, one expects that lattice
distortion will be energetically easier. In this situation the amorphous
phase will have a comparitiy’ély lower internal energy with respect

to its crystalline counterpart.

B. Upper Critical Field and Electronic Properties

Koepke and Bergmann36 (KB) have measured the upper critical
field HcZ(T) for amorphous Mo films obtained by low temperature
vapor deposition. They report a linear temperature dependence of

H in agreement with the present results (Fig. 5). On the other

c2
hand, they find an upper critical fieid gradient dHcZ(T)/dT ~ 45 (KG/OK)

which is considerabiy larger than that observed for amorphous
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(M alloys for which dH_,(T)/dT ~ 24-28 (KG/°K). It is

91 xR J)g0F 20
noteworthy that dHCZ(T)/dT i1s nearly independent of x. For a strong-

coupling superconductor, dch(T)/dT has been theoretically expressed -

37,38
as

4K e

dch(Tj/dT - -z o N(0)" (L0)
where z is a numerical constant very nearly equal to 1, p is the normal
state electrical resistivity of the sémple, and N(O)* is the electron-
phonon dressed density of states at the Fermi level (EF = O). KB have
discussed application of eqn. (10) to their results. In the present

study, we have observed values of p ~ 300, Q cm while K.B found

o ~ 450, Qcm for Mo films. For the alloy (MoO.SRQO. 2)80P20 we
- find Tc =7, 30K, close to that obtained by KB for Mo films. Making
the crude assumption that N(O)* is nearly the same for these two cases,
one can account for rnpst of the difference in dHcZIdT by considering the
difference in p. On the other hand, eqn. (10) does not account for the
constancy of dHcZ/dT throughout the (Mol—xRux)80P20 ailoy sefies.
From the magnetic susceptibility data (Fig. 8) and the discussion in
section III C., it is clear that N(0) decreases rapidly with increasing
Ru concentration. The accompanying rapid decrease in TC (Fig. 4)
implies that the electron phonon coupling coﬁstant A also decreases
with increasing Ru concentration. ;I'hus, N(O)* = N(0) (I + X) must be
a rapidly decreasing function of AGN. On the other hand, p remains
nearly constant (Table I) so that eqn. (10) predicts a significant

decrease in dHcZ/dT with increasing AGN., As dHcZ/dT' is experimentally

found to be nearly constant, it is concluded that eqn. (10) fails to
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describe its dependence on AGN. As mentioned by KB, the combined
effect of d-and s-electrons can render eqﬁ. (10) inapplicable since the
transport mean free path is determined mai’nly by s-electrons whiie
the superconductivity most probably involves d-electrons as will be
discussed in Section IV C, It should be added thaf recent tunneling

data on amorphous Mo-base alloy films39’ 40

suggests that these
superconductors are well desc;ibed by the BCS weak coupling theory.
Previous work3 on amorphous simple metals has shown them to be
strong-coupling s'upérconductors. KB. point out that a value \ 2 is
required if eqn. (10) is to predict the} correct magnitude of dHcZ/dT for
amorphous Mo films. In view of the tunneling data, such A largeAh seems
highly unlikely. The nearly free electron model on which eqn. (10) is
based cannot it appears account for the complex behavior of amorphous

transition metals. The role of d-electrons must be considered if one

is to understand this behavior.

C. Microscopic Origin of the Variation of Tc

Several attempts have been made to explain the systematic variation
of Tc’ observed first by Collver and Hammondé, for amorphous transi-

7,8,9 We can use the data obtained in the

tion metals of a given series,
present study to help fo clarify the role of the various microscopic
parameters which determine TC'. It is clear from the previous dis-
cussion and by comparison of Figs. 4 and 8 that fhe electronic density
of states at the Fermi level N(O) plays a major role in determining the

variation of TC. Evidence that N(0) plays a significant role in the

behavior of ’I‘C has also been obtained by ultraviolet photoemission
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spectroscopy on amorphous and bcc films of l\/Io.q‘1 Though not
quantitative, the photoel;nission studies indicate a loss of d-band
étructure and an increase in N(0) on passing from bodycentered cubic
crystalline to amorphous Mo. The function N(E), as qualitatively
reflected in the photoelectron energy spectrum, is a smoothly varying
function of E (for E « EF = O) for amorphous Mo. Tﬁe present
results compliment this picture. In Fig. 8,v the variation with AGN of
X and the corresponding density of state for the (Mol-xRux)SOPZO alloy
series along with data from (Pdl-xcux)SOPZO alloys leads to the follow-
ing picture of the 4d band of these alloys. It is assumed that phosphorus
mak,es only a small contribution to N(0) arising from s-p electrons as
discussed in Sect. III C. The d-band density of stat-es Nd.(O) varies
smoothly with d-band occupation following a "bell shaped' curve. This
curve exhibits a broad peak at a value of- AGN corresponding roughly to
a half filled d-band. This variation is in marked contrast to the crystal-
line density; of states which show a series of sharp peaks in N(O) as-a

30

function of AGN, It is interesting to compare data for amorphous

alloys with data for Mo6 lRu. and Mo42Re58 crystalline alloys having

39
the g-phase structure. The g-phase has a complex unit cell containing
30 atoms in five non-equivalent positions, and g-phase allo.ys typically
exhibit a high degree of atomic disorder. Such a low symmetry poorly
ordered structure might be expected to have an electronic band structure
similar to an amorphous phase. The density of states N(0) for the above
mentioned g-phase alloys as deduced from specific heat data (see

Table II) is include@ in Fig. 8(b). It is observed that these values of

N(0) fall on the amorphous N(0) vs. AGN curve to within experimental

uncertainty, It is noteworthy that the superconducting transition




temperaturcso T, - 7.0°K and 8.4°K (respectively for MoélRu39 and
Mo42Re58) also fall close to those observed in the amorphous alloys
having the same AGN., Although this close agreement in Fig. 8(b)

may be fortuitous, it provides evidence that the density of states

deduced from the magnetic susceptibility data is a meaningful quantity,

It is reasonable to proceed by assuming that the variation of Nd(O) is
well represented by the dashed curve in Fig. 8(5); The consequences

. of such a d-band structure for the microscopic theory of electron-’

’ ' . phohon interactions and 'supe rconductivity are now examined.

! MéMillan30 has shown that the superconducting transition tempera- -
ture can be related to several microscopic parameters through the

following equation

) 21,04 (14 )\)
T =08H/1.45 11
¢ © O/1.45 exp [x - (1+o.6zx)] )

where 6D is the Debye temperature (or a suitably defined average
phonoﬂ frequency), N is the electron-phonon coupling constant which

may be expressed in the form

L. N a® |
M@?) g
and p* represents the Coulomb interaction. In the expression for X\,
(12) is an average of the squared electron-phonoh matrix element, M
the ionic mass, and (w 2) an average square phoh'on frequency. The
tight binding approximation has been sho-wn to give a successful descrip-
10, 11

tion of superconductivity in d-band metals. Labbé, Barasic, and

Friedello were the first to point out that simple relationships among
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the parameters of eqn. (12) follow irom a tight binding model. A
simple tight binding picture predicts the approximate constancy of the

product N(0) (IZ) by the relationship

(13)

. 2, 2
N(0) (1% =~ o E_

where a, is the Slater coefficient for exponential decay ot a d-orbital
and Ec the principal d-band contribution to cohesive energy. Varma
and Dynes11 extended this picture to include non-orthogonality of the
basis functions as parameterized by the overlap integral S. They

derive the interesting approximate relationship

<IZ> ~1+95[1 + NOW( ¥ 9)]
M(w 2 N(0)

=~ W(1 ¥ S) ' (14)

where W is the width of the d-band, and the upper and lower signs
refer to the lower and upper half of the d-band respectively. We can
take these results as a rough guide to interpreting the present data in
the context of the tight-binding approximation. We assume that the
Fermi level lies in the non-bonding (upper half) of the d-band for the
series of alloys in the present work as the alloys fall in the range of
AGN greater than 6. The postive sign is then appropriate. A rigid
band pictur'e iniplies that the band width W is roughly constant for our
alloy series. S is taken to be constant as the Slater coefficient q,

of the d-or’bifals for Mo and Ru will be nearly equallo., and the mean

.interatomic distance between neighboring atoms does not change with
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compositi-:)n.42 Equations (12 and (14) then predict that the electron-
phonon coupling constant N is proportional to N(0). We can compare
this prediction to the present expefirnental results by assuming that
the density of states curve of Fig. 8(b) accurately represents the
variation of Nd(O) with AGN. As previously discussed, we ignore the
role of phosphorus in determining Nd(O) as the d-levels of phosphorus
all lie well above the Fermi energy of the alloy and are not involved
in superconductivity. Hybridization effects are also ignored within
the spirit of the Varma-Dynes model.

The experimentally observed decreasel in Tc with increasing AGN
(Fig. 4) is then seen to be governed mainly ’b} the variation of Nd(O).
Quantitative comparison requires that we deduce X from TC using
" the McMillan equation (eqn. (11)). To do this, a knowledge of the
variation of QD is required. As no specific heat, neutron scattering,
or tunneling data are yet available, one can only speculate as to the
variation of 8p ;nd the details of the phonon spectrum. A few somewhat
quantitative statements can be made. First, if Nd(O) decreases as
rapidly with increasing AGN as indicated by Fig. 8(b), then the
corresponding decrease in A predicted by eqn. (14) would result in a
more rapid decrease of TC than experimentally observed if it were
assumed that 91) does not change with AGN. If the Varma-Dynes
picture is to give a quantitative account of the data, then GD must also
increase with increasing Ru concentration, The required increase of
QD would be of the order of 50% or more on going Mo-rich to Ru-rich
alloys. Although this seems unlikely, it should be observed that
8p = 460°K and 550°K for the pure metalsAMo and Ru respectively.

This variation is in the right direction required by the Varma-Dynes
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model. Considering the approximate nature of the model, it can be
said that the data are at least qualitatively consistent with it. More
detailed analysis must await further data from low temperature specific
heat measurements, Such measurements are currently in progress in
this lab and should both confirm .the variation of N(0) deduced from the
magnetic susceptibility data as wéll as .gi've addit’iénal information on
the variation of GD . It is expected that a detailed understanding of the
variation of the microscopic parameters which govern Tc in amorphous
transition metals and alloys can be obtained., This information should
be very useful in understanding the systematics of supercondﬁcﬁivity in

crystalline transition metal alloys as well,
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V. SUMMARY

It has been demonstrated that alloys baséd on the 4d transition
metals Mo and Ru may be obtained in amorphous form using the tech-
nique of rapid cooling from the liquid state. The amorphous phases so
obtained are stable up to temperatures of 700-800°C. The structure of
these materials has been investigated both by x-ray and transmission
electron diffraction techniques and found to be similar to that of other
amorphous alloys for which radial distribution Ifu.nctions_ have been
computed. Superconductivity has been observed in all of these alloys.
The transition temperatures of the alloys follow a systematic behavior
(with the AGN of the transition metal constituents) closely resembling
that obsérved by Cc;llver and Hammond for vapor quenched transition

metal films,

The upper critical field HC2 depends linearly on temperature and is

characterized by a large gradient (dHCZ/dT) ~ 25-30 (KG/OK) for all
alloys of the series. This temperature dependence is not well described
by the theories of Maki or Werthameter. The values of the gradient
were compared with a theoretical expression derived by Raiﬁer,
Bergmann, and Eckhardt. This expression does not account for either
the magnitude or the composition dependence of the gradient.
Magnetization measurements as a function of temperature show that

it is possible to determine the temperatufe independent contribution to
the normal state magnetic susceptibility of the alloys. The Pauli para-
magnetic contribution can be estimated and used to give an estimate of
the electronic density of states at the Fermi level N(0). It is found

that the estimated N(0) values decrease systematically with increasing
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AGN of the.transition metal constituent. This variation can be correlated
with the variation in Tc . Several relationships derived by Varma and
Dynes based on the tight binding approx_ima,tioﬁ for the d-band of transi-
tion metal alloys are compared with the present dat;?. and are found to be
in qualitative agreemént with it, It was pointed out that additibnal infor-
mation from specific heat measurements will be required if one is to
understand the microscopic origin of the variation in Tc, iﬁ detail.

Such measurements are currently in progress. Superconductivé tunnel-
ing experiments would also be of great value in providing information
concerning the microscopic parameters which govern superconductivity
in this interesting class of materials. By understanding s_up;erconductivity
in amdrphous transition metals, one might hope to obtain a better under-
standing of crystalline transition metal alloys. Long range structural
order in crystalline superconductors can perhaps be considered to

result in a refinement of a basic model for electronic structure which
emphasizes the local coordination and short range order present in both

the crystalline and amorphous state.
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